Background {#Sec1}
==========

KCNB1, also known as Kv2.1, is located on chromosome 20q13.2, and is mainly expressed in the brain cortex and hippocampus, islet β-cells, cardiac atrium and ventricle, skeletal muscles and some other tissues \[[@CR1]\]. Our recently reported case--control study in Chinese Han population showed a strong association of KCNB1 rs1051295 genotype TT with an increased risk of becoming afflicted with metabolic syndrome leading to T2D. Specifically, we showed the genotype TT of this SNP was associated with several metabolic traits of metabolic syndrome, including increased waist to hip ratio (WHR), fasting insulin (FINS) levels, increased serum triglyceride (TG) levels, and decreased insulin sensitivity at basal condition \[[@CR2]\].

Kv2.1 channel's role in secretion is attributed not only to the regulation of membrane excitability but also to a more direct role in the exoctyotic machinery. Up-regulation of Kv2.1 channel in PC12 \[[@CR3]\], bovine chromaffin cells \[[@CR4]\], rat dorsal root ganglion cells \[[@CR5]\] and rodent and human islet β-cells, \[[@CR6]\] facilitated exocytotic SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) complex assembly initiated by direct interaction of its C-terminus with SNARE protein syntaxin-1A and subsequent further assembly with VAMP2 and SNAP25. In β-cells, these Kv2.1-SNARE complex interactions can enhance insulin secretion \[[@CR6]\]. To our knowledge, there have been no in vivo or in vitro studies to demonstrate a possible role of Kv2.1 channel in metabolism to account for the perturbed metabolic traits we had reported \[[@CR2]\]. However, in support of this possibility that Kv channels could be involved in body metabolic functions, Chandy and colleagues recently demonstrated that ShK-186, a selective and potent blocker of voltage-gated Kv1.3 channel, reduced weight gain, adiposity, and fatty liver with resultant enhancement of peripheral insulin sensitivity; and also decreased serum levels of cholesterol, glucose, HbA1c, insulin, and leptin \[[@CR7]\].

To delve deeper into the role of KCNB1-encoded Kv2.1 in metabolic syndrome, we examined the associations between the tag SNPs of KCNB1 and different metabolic traits of metabolic syndrome. This study explores the possible role of Kv2.1 and its influence in the body's metabolism leading to T2D.

Results {#Sec2}
=======

General information of the participants {#Sec3}
---------------------------------------

Of the 733 participants, mean age was 39.9 ± 10.4 years old, with males constituting 43 % (315/733) of the total participants. FPG, TC, TG, HDL-C and LDL-C for the participants was 4.9 ± 0.5, 4.6 ± 0.9, 1.1 ± 0.6, 1.7 ± 0.3 and 2.7 ± 0.7 mmol/L, respectively, and the HOMA-IR and HOMA-B% was 1.2 ± 0.4and 108.7 ± 31.9 %, respectively.

SNPs of KCNB1 associated with changes in serum TC or LDL-C {#Sec4}
----------------------------------------------------------

rs237460: Compared with genotype AA, genotype GG (*P* = 0.02, b = -0.11 (-0.19,-0.02)) and GA (*P* = 0.02, b = -0.19(-0.34, -0.04)) was associated with decreased serum TC levels. We also found that serum levels of LDL-C of genotype GA (2.60 mmol/L) (*P* = 0.005, b = -0.18(-0.31, -0.06)) and GG (2.64 mmol/L) (*P* = 0.07, b = -0.07 (-0.14, 0.004)) was lower or trend to be lower than that in genotype AA (2.78 mmol/L) (Table [1](#Tab1){ref-type="table"}).Table 1The tag SNPs of KCNB1 associated with lipid metabolism and insulin resistanceGenotypeM/FAgeBMIWHRTCTGHDL-CLDL-CFPGFINSHOMA-IRHOMA-Brs16994565TT267/34139.68 ± 10.0523.10 ± 2.480.80 ±  0.074.60 ± 0.841.11 ± 0.611.67 ± 0.342.67 ± 0.714.94 ± 0.488.91 ± 3.291.15 ± 0.42108.58 ± 32.51TC40/6639.91 ± 11.2622.95 ± 2.73079 ± 0.074.46 ± 0.801.02 ± 0.571.66 ± 0.302.54 ± 0.674.90 ± 0.478.88 ± 3.261.14 ± 0.42109.46 ± 30.33CC3/436.00 ± 9.5222.39 ± 2.900.77 ± 0.073.75 ± 1.710.98 ± 0.311.64 ± 0.252.49 ± 0.344.85 ± 0.338.63 ± 1.091.10 ± 0.15110.49 ± 19.00*P* ^*1*^0.50.620.670.510.010.310.950.180.750.970.950.82*P* ^*2*^(TC vs CC)0.83,0.21(-1.71,2.13)0.23,0.02(-0.01,0.06)0.08,0.58(-0.06,1.23)0.99,0.001(-0.39,0.39)0.90,-0.01(-0.22,0.20)0.95,-0.01(-0.50,0,48)0.84,-0.03(-0.35,0.29)0.81,0.31(-2.17,2.79)0.78,-0.05(-0.28,0.37)0.80,2.81(-19.05,24.67)*P* ^2^(TT vs CC)0.60,0.23(-0.62,1.08)0.24,0.01(-0.01,0.03)0.02,0.36(0.06,0.66)0.74,0.03(-0.17,0.24)0.93,0.01(-0.11,0.12)0.73,0.04(-0.20,0.29)0.91,0.01(-0.16,0.17)0.78,0.18(-1.04,1.39)0.73,0.03(-0.13,0.18)0.92,0.64(-11.04,12.31)rs237460GG101/12839.34 ± 10.3922.92 ± 2.580.795 ± 0.074.51 ± 0.911.07 ± 0.561.66 ± 0.302.64 ± 0.734.91 ± 0.478.63 ± 3.261.11 ± 0.42106.55 ± 29.15GA157/20439.85 ± 10.2023.13 ± 2.520.798 ± 0.074.55 ± 0.821.11 ± 0.601.65 ± 0.342.60 ± 0.694.94 ± 0.489.00 ± 3.251.16 ± 0.42109.16 ± 32.36AA53/8040.09 ± 10.3623.20 ± 2.450.796 ± 0.074.73 ± 0.801.12 ± 0.641.72 ± 0.342.78 ± 0.694.94 ± 0.469.11 ± 3.341.17 ± 0.42110.98 ± 35.76*P* ^*1*^0.710.770.520.870.040.670.130.060.820.290.330.24*P* ^2^(GA vs AA)0.66,-0.10(-0.56,0.36)0.89,-0.001(-0.01,0.01)0.02,-0.19(-0.34,-0.04)0.62,-0.03(-0.14,0.08)0.07,-0.06(-0.12,0.01)0.005,-0.18(-0.31,-0.06)0.98,-0.001(-0.09,0.09)0.66,-0.15(-0.79.0.50)0.75,-0.01(-0.10,0.07)0.49,-2.23(-8.63,4.17)*P* ^2^(GG vs AA)0.26,-0.14(-0.39,0.11)0.51,-0.002(-0.01,0.003)0.02,-0.11(-0.19,-0.02)0.31,-0.03(-0.09,0.03)0.15,-0.02(-0.06,0.10)0.07,-0.07(-0.14,0.004)0.73,-0.01(-0.06,0.04)0.15,-0.26(-0.61,0.10)0.19-,0.03(-0.08,0.02)0.13,-2.53(-5.82,0.77)rs3331TT270/34839.48 ± 10.0623.08 ± 2.510.80 ± 0.074.59 ± 0.841.11 ± 0.601.67 ± 0.342.66 ± 0.714.93 ± 0.488.90 ± 3.281.15 ± 0.42108.53 ± 32.33TC40/5941.15 ± 11.3623.08 ± 2.610.80 ± 0.064.48 ± 0.791.03 ± 0.591.63 ± 0.272.57 ± 0.684.91 ± 0.468.97 ± 3.291.15 ± 0.43110.04 ± 30.98CC1/439.2 ± 11.4822.64 ± 3.220.76 ± 0.063.57 ± 2.050.94 ± 0.331.69 ± 0.152.58 ± 0.384.85 ± 0.257.94 ± 1.161.02 ± 0.16104.26 ± 17.80*P* ^*1*^0.480.320.930.310.020.420.710.470.80.790.780.97*P* ^2^(TC vs CC)0.96,0.06(-2.11,2.24)0.22,0.03(-0.02,0.07)0.03,0.83(0.09,1.57)0.94,-0.02(-0.50,0.47)0.83,-0.03(-0.25,0.20)0.73,-0.10(-0.68,0.48)0.82,0.04(-0.33,0.42)0.55,0.90(-2.07,3.87)0.54,0.12(-0.27,0.51)0.69,5.43(21.04,31.89)*P* ^2^ (TT vs CC)0.95,0.03(-0.99,1.05)0.43,0.01(-0.01,0.03)0.01,0.49(0.13,0.84)0.79,0.03(-0.21,0.27)0.81,0.02(-0.12,0.16)0.97,-0.01(-0.29,0.28)0.80,0.03(-0.17,0.22)0.58,0.40(-1.03,1.84)0.57,0.05(-0.13,0.24)0.77,2.08(-11.64,15.80)rs802950CC212/27639.63 ± 10.2723.09 ± 2.520.80 ± 0.074.60 ± 0.861.12 ± 0.601.67 ± 0.332.67 ± 0.714.92 ± 0.488.85 ± 3.291.14 ± 0.42108.67 ± 31.87AC89/11839.58 ± 10.2523.06 ± 2.520.79 ± 0.074.47 ± 0.841.05 ± 0.581.64 ± 0.332.58 ± 0.694.96 ± 0.499.03 ± 3.211.17 ± 0.41108.84 ± 32.97AA10/1942.45 ± 10.0622.96 ± 2.610.80 ± 0.064.90 ± 0.851.12 ± 0.731.79 ± 0292.79 ± 0.684.94 ± 0.359.02 ± 3.391.16 ± 0.44108.07 ± 29.56*P* ^1^0.640.350.960.290.020.440.070.180.580.790.750.58*P* ^2^(AC vs AA)0.69,0.18(-0.71,1.07)0.32,-0.01(-0.03,0.01)0.03,-0.36(-0.68,-0.05)0.56,-0.06(-0.28,0.15)0.06,-0.12(-0.24,0.01)0.14,-0.19(-0.45,0.06)0.36,0.08(-0.09,0.24)0.98,-0.02(-1.29,1.25)0.93,0.01(-0.16,0.17)0.78,-1.77(-14.19,10.66)*P* ^2^(CC vs AA)0.65,0.10(-0.34,0.54)0.88,0.001(-0.01.0.01)0.17,-0.11(-0.26,0.05)0.99,0.001(-0.11,0.11)0.12,-0.05(-0.11,0.01)0.61,-0.03(-0.16,0.09)0.85,0.01(-0.08,0.09)0.61,-0.16(-0.77,0.46)0.66,-0.02(-0.10,0.06)0.72,-1.06(-6.79,4.67)rs926672AA97/14539.66 ± 10.3922.91 ± 2.430.80 ± 0.074.57 ± 0.901.10 ± 0.581.69 ± 0.352.63 ± 0.744.93 ± 0.448.66 ± 3.151.12 ± 0.41106.19 ± 29.59AT165/19039.69 ± 10.2923.28 ± 2.610.80 ± 0.074.61 ± 0.811.15 ± 0.651.65 ± 0.322.68 ± 0.694.94 ± 0.519.23 ± 3.411.19 ± 0.44111.47 ± 34.21TT48/7639.89 ± 10.0023.78 ± 2.420.79 ± 0.074.44 ± 0.860.94 ± 0.451.66 ± 0.312.61 ± 0.654.91 ± 0.438.43 ± 3.011.08 ± 0.39105.49 ± 29.76*P* ^1^0.170.980.080.210.190.0040.440.530.830.020.020.07*P* ^2^(AT vs TT)0.13,0.38(-0.11,0.88)0.17,0.01(-0.003,0.02)0.049,0.16(0.00,0.32)0.002,0.19(0.07,0.30)0.90,0.004(-0.06,0.07)0.46,0.05(-0.08,0.18)0.62,0.02(-0.07,0.12)0.03,0.74(0.06,1,42)0.02,0.10(0.01,0.19)0.09,5.66(-0.86,12.18)*P* ^2^(AA vs TT)0.60,0.07(-0.18,0.31)0.15,0.004(-0.001,0.01)0.16,0.06(-0.13,0.16)0.004,0.08(0.02,0.13)0.46,0.01(-0.02,0.05)0.75,0.01(-0.06,0.08)0.62,0.01(-0.03,0.06)0.53,0.11(-0.23,0.44)0.45,0.02(-0.03,0.06)0.88,0.24(-2.83,3.31)rs1051295TT111/14739.96 ± 10.8222.97 ± 2.500.80 ± 0.074.65 ± 0.921.13 ± 0.581.67 ± 0.352.71 ± 0.804.93 ± 0.519.08 ± 3.341.17 ± 0.43110.43 ± 33.11TC153/20340.33 ± 10.1623.10 ± 2.500.79 ± 0.074.54 ± 0.831.12 ± 0.651.66 ± 0.342.63 ± 0.644.94 ± 0.448.95 ± 3.261.15 ± 0.42108.35 ± 31.32CC51/6838.3 ± 9.8123.29 ± 2.660.79 ± 0.074.49 ± 0.730.99 ± 0.451.68 ± 0.282.61 ± 0.674.93 ± 0.508.52 ± 3.061.10 ± 0.39105.98 ± 31.02*P* ^1^10.180.510.420.130.080.760.220.90.290.240.44*P* ^2^(TC vs CC)0.16,-0.35(-0.83,0.13)0.42,-0.004(-0.01,001)0.88,0.11(-0.15,0.18)0.10,0.10(-002,0.22)0.51,-0.02(-0.09,0.04)0.78,-0.02(-0.14,0.11)0.73,-0.02(-0.11,0.07)0.16,0.48(-0.19,1.15)0.16,0.06(-0.03,0.15)0.21,4.07(-2.23,10.36)*P* ^2^(TT vs CC)0.09,-0.22(-0.48,0.04)0.60,0.001(-0.004,0.01)0.19,0.06(-0.03,0.15)0.03,0.06(0.01,0.12)0.66,-0.01(-0.04,0.03)0.39,0.03(-0.04,0.11)0.49,-0.02(-0.07,0.03)0.11,2.92(-0.06,0.65)0.09,0.04(-0.01,0.09)0.09,2.96(-0.45,6.36)rs2057077CC102/16039.42 ± 10.3022.89 ± 2.520.79 ± 0.074.55 ± 0.921.07 ± 0.581.67 ± 0.332.62 ± 0.724.93 ± 0.458.64 ± 3.181.11 ± 0.41105.91 ± 28.55TC170/19339.74 ± 10.2823.22 ± 2.580.80 ± 0.074.58 ± 0.821.13 ± 0.611.65 ± 0.332.68 ± 0.694.94 ± 0.489.26 ± 3.361.19 ± 0.43111.55 ± 34.05TT40/6040.71 ± 10.3223.04 ± 2.270.79 ± 0.074.59 ± 0.801.04 ± 0.601.67 ± 0.332.66 ± 0.724.90 ± 0.518.29 ± 3.031.06 ± 0.39105.53 ± 32.51*P* ^1^0.120.570.260.520.910.250.730.590.760.010.0050.02*P* ^2^(TC vs TT)0.60,0.14(-0.39,0.67)0.86,0.001(-0.01,0.01)0.88,0.01(-0.16,0.18)0.19,0.08(-0.04,0.21)0.96,0.002(-0.07,0.07)0.83,0.03(-0.13,0.16)0.36,0.05(-0.05,0.15)0.01,0.92(0.19,1.65)0.008,0.13(0.03,0.23)0.17,5.06(-2.17,12.29)*P* ^2^(CC vs TT)0.83,-0.03(-0.29,0.24)0.51,0.002(-0.004,0.01)0.90,0.006(-0.09,0.10)0.31,0.03(-0.03,0.09)0.95,0.001(-0.03,0.04)0.95,-0.003(-0.08,0.07)0.27,0.03(-0.02,0.08)0.36,0.17(-0.19,0.53)0.29,0.03(-0.02,0.72)0.83,-0.35(-3.63,2.92)rs4810952TT81/12639.43 ± 10.1522.97 ± 2.460.79 ± 0.074.58 ± 0.891.08 ± 0.581.68 ± 0.342.65 ± 0.734.94 ± 0.438.40 ± 3.181.10 ± 0.41103.09 ± 28.72TC170/19439.82 ± 10.3323.16 ± 2.610.80 ± 0.074.59 ± 0.821.14 ± 0.621.66 ± 0.332.66 ± 0.714.93 ± 0.509.30 ± 3.371.20 ± 0.43112.54 ± 34.05CC60/9139,79 ± 10.2723.02 ± 2.400.79 ± 0.064.59 ± 0.871.02 ± 0.571.65 ± 0.312.61 ± 0.644.92 ± 0.468.62 ± 3.041.11 ± 0.39107.17 ± 30.30*P* ^1^0.140.90.670.250.560.110.560.760.880.0040.0040.01*P* ^2^(TC vs TT)0.91,0.03(-0.38,0.43)0.87,-0.001(-0.01,0.01)0.85,-0.01(-0.15,0.13)0.61,0.03(-0.07,0.12)0.78,-0.01(-0.06,0.05)0.74,-0.02(-0.14,0.10)0.41,-0.03(-0.11,0.04)0.003,0.86(0.30,1.43)0.004,0.11(0.04,0.18)\<0.001,9.60(4.27,14.93)*P* ^2^(CC vs TT)0.93,0.01(-0.23,0.25)0.52,-0.002(-0.01,0.003)0.30,-0.05(-0.13,0.04)0.26,-0.03(-0.09,0.02)0.30,-0.02(-0.06,0.02)0.52,-0.02(-0.09,0.05)0.50,-0.02(-0.06,0.03)0.48,0.12(-0.21,0.44)0.59,0.01(-0.03,0.06)0.15,2.18(-0.79,5.16)Data are present as mean ± SD, *M/F* male/female, *WHR* Waist to hip ratio, *TG* triglycerides, *TC* serum total cholesterol, *HDL-C* high-density lipoprotein cholesterol, *LDL-C* low-density lipoprotein cholesterol, *FPG* fasting plasma glucose, *FINS* fasting serum insulin, *P* ^*1*^ from one-way ANOVA test except *P* ^1^for M/F from *χ* ^2^ test, *P* ^2^ from multiple linear regression analysis with b and 95 % CIs (adjusted for age and gender)

rs802590: Genotype AC was associated with decreased serum levels of TC (*P =* 0.03, b = -0.36(-0.68, -0.05)) and decreased serum levels of LDL-C (*P* = 0.06, b = -0.12 (-0.24, 0.01)) compared with genotype CC, whereas genotype AA showed no association (for TC: *P* = 0.17, b = -0.11(-0.26, 0.05); for LDL-C:*P* = 0.61, b = -0.03(-0.16,0.09)) (Table [1](#Tab1){ref-type="table"}).

rs16994565: Compared with genotype CC, the serum TC levels in genotype TT and TC increased by 22.7 % (*P* = 0.02, b = 0.36(-0.06, 0.66)) and 18.9 % (*P* = 0.08, b = 0.58 (-0.06, 1.23)), respectively (Table [1](#Tab1){ref-type="table"}).

rs3331: genotype TT (*P* = 0.01, b = 0.49 (0.13, 0.84) and TC (*P =* 0.03, b = 0.83 (0.09, 1.57)) was associated with increased serum levels of TC compared to genotype CC. Although the TG in genotype TT (1.11 mmol/L) increased 15.4 % than genotype CC (0.94 mmol/L), it did not reach a significant level (*P* = 0.79, b = 0.03(-0.21, 0.27)) (Table [1](#Tab1){ref-type="table"}).

SNPs of KCNB1 associated with changes in serum TG {#Sec5}
-------------------------------------------------

rs926672: Compared with genotype TT, the serum TG levels in genotype AA (*P* = 0.004, b = 0.08(0.02, 0.13)) and AT (*P* = 0.002, b = 0.19(0.07, 0.30)) increased 14.5 and 18.3 %, respectively. In addition, genotype AT was associated with increased TC levels (*P* = 0.049, b = 0.16(0.00, 0.32)), insulin resistance (*P* = 0.03, b = 0.74(0.06, 1.42)), and fasting insulin (FINS) (*P* = 0.02, b = 0.10 (0.01, 0.19)) compared with genotype TT, and showed a trend in increasing islet β-cell function by HOMA-B% (*P* = 0.09, b = 5.66(-0.86, 12.18)) (Table [1](#Tab1){ref-type="table"}).

rs1051295: Compared with genotype CC, both of genotype TT (*P* = 0.03, b = 0.06 (0.01, 0.12)) and TC (*P* = 0.10, b = 0.10(-002, 0.22)) was associated or inclined to be associated with increased serum TG levels, in line with our previous report \[[@CR2]\]. We also found that genotype TT tended to be associated with increased BMI (*P* = 0.09, b = -0.22 (-0.48, 0.04)), HOMA-IR (*P* = 0.09, b = 0.04(-0.01, 0.09)), FINS (*P* = 0.11, b = 2.92(-0.06, 0.65)) and HOMA-B (*P* = 0.09, b = 5.66(-0.86, 12.18)) compared with genotype CC (Table [1](#Tab1){ref-type="table"}).

SNPs of KCNB1 associated with the measure of insulin resistance by HOMA-IR {#Sec6}
--------------------------------------------------------------------------

rs4810952: Compared with genotype TT, genotype TC was associated with increased HOMA-IR (*P* = 0.01, b = -9.84(-16.65,-3.02)), FINS (*P* = 0.003, b = 0.86(0.30, 1.43)) and the HOMA-B% (*P* \< 0.001, b = 9.60(4.27, 14.93)) (Table [1](#Tab1){ref-type="table"}).

rs2057077: Compared with genotype TT (1.06 mmol/L and 8.29mUI/L), HOMA-IR and FINS of TC (1.19 mmol/L and 9.26mUI/L) increased 12.3 % (*P* = 0.008, b = 0.13(0.03, 0.23)) and 11.70 % (*P* = 0.01, b = 0.92 (0.19, 1.65)), respectively (Table [1](#Tab1){ref-type="table"}).

SNPs of KCNB1 associated with insulin resistance (IR) {#Sec7}
-----------------------------------------------------

According to the definition of insulin resistance, we identified 199 IR subjects and 534 Non-IR subjects from 733 participants, and the prevalence of IR were 27.15 % (199/733) in this study. The clinical anthropometric and biochemical characteristics of the participants are summarized in Table [2](#Tab2){ref-type="table"}. Among 22 available tag SNPs of KCNB1, the rs926672 (*P* = 0.03) and rs2057077 (*P* = 0.04) were associated with insulin resistance by univariate analysis. However, only rs926672 was associated with IR (*P* = 0.03) after being adjusted for age and gender (Table [3](#Tab3){ref-type="table"}). We found that the risk for the carrier of genotype AT suffering from insulin resistance was 1.77 fold to that of genotype TT (*P* = 0.03, OR = 1.77, (1.07-2.93)). In the dominant or recessive model, neither allele T (genotype TT and AT) (*P* = 0.50, OR = 1.13(0.79, 1.62)) nor allele A (genotype AA and AT) (*P* = 0.057, OR = 1.60(0.99-2.60)) was associated with IR. Although we had already found that KCNB1 rs1051295 genotype TT was associated with T2D and decreased insulin sensitivity in our previous study, no association was observed for rs1051295 and insulin resistance in either dominant model (*P* = 0.72, OR = 1.07 (0.75,1.51)) or recessive model (*P* = 0.24, OR = 0.75(0.47,1.20)) by univariate or multivariate analysis in this study.Table 2Distribution of clinical and anthropometric characteristics in IR and Non-IR subjectsVariablesIR (*n* =199)Non-IR (n = 534)*P*Age (years)39(31-48)40(31-48)0.87M/F111/88315/418\<0.001BMI (kg/m^2^)24.55 ± 2.2022.54 ± 2.42\<0.001WHR0.82 ± 0.070.79 ± 0.07\<0.001TG (mmol/L)1.17(0.83-1.67)0.85(0.67-1.21)\<0.001TC (mmol/L)4.63 ± 0.854.55 ± 0.850.27HDL-C(mmol/L)1.57 ± 0.341.70 ± 0.32\<0.001LDL-C(mmol/L)2.70 ± 0.722.64 ± 0.700.29FPG (mmol/L)5.06 ± 0.514.89 ± 0.45\<0.001FINS(mU/L)12.98 ± 2.237.41 ± 2.08\<0.001Data are present as mean ± SD, or median (25%quatile-75%quatile). *M/F* male/female, *W/H ratio* waist/hip circumference, *TG* triglycerides, *TC* serum total cholesterol, *HDL-C* high-density lipoprotein cholesterol, *LDL-C* low-density lipoprotein cholesterol, *FPG* fasting plasma glucose, *P* from independent-sample *t* test except *P* for M/F from *χ* ^2^ testTable 3Distribution of the tag SNPs of KCNB1in case--control studySNP IDIR(*n* = 199)Non-IR(*n* = 534)*χ* ^2^*P* ^*1*^*P* ^*2*^OR (95 % CI)rs9266726.760.03AA60182AT109246TT24100AA vs TT0.251.37(0.80-2.35)AT vs TT0.031.77(1.07-2.93)AA vs AT0.181.29(0.89-1.88)Dominent model0.400.501.13(0.79-1.62)Recessive model0.040.061.60(0.99-2.60)rs20570776.330.04CC62200TC111252TT2080CC vs TT0.440.89(0.67-1.19)CC vs TC0.111.35(0.94-1.95)TT vs TC0.060.59(0.34-1.01)Dominent model0.180.271.22(0.86-1.74)Recessive model0.110.130.66(0.39-1.12)*P* ^*1*^ from *χ* ^2^ test, *P* ^*2*^ from Logistic regression analysis and adjusted for age, gender, Dominant Model TT + AT compared with AA, *Recessive Model* AA + AT compared with TT for rs926672, *Dominant Model* TT + TC compared with CC, *Recessive Model* CC + TC compared with TT for rs2057077, *OR* odds ratio, *CI* confidence interval

Haplotypes Analysis of KCNB1 with Insulin Resistance {#Sec8}
----------------------------------------------------

We constructed haplotypes for 22 tagging SNPs to examine whether these SNPs demonstrated any additional evidence of association with IR when tested together by using the Haploview program. We identified 4 haplotypes for the KCNB1 gene and each haplotype represented sites are as follows: Block1 (rs4810952-rs1961192),Block2 (rs6125642-rs16994546-rs2057077), Block3(rs6019852-rs6095516-rs742759), and Block4 (rs802950-rs6019857-rs653070-rs552068) (shown in Fig. [1](#Fig1){ref-type="fig"}). We found that the haplotype of Block 3 GCA was significantly different between the IR group and the control group (*P* = 0.04). Details are shown in Table [4](#Tab4){ref-type="table"}. Rs926672 was not in a haplotype block generated in this study due to weak linkage disequilibrium with other SNPs.Fig. 1Pairwise LD pattern of the 22 tag SNPs in KCNB1 gene. Pairwise LD coefficients D′ × 100 are displayed in each cellTable 4Association analysis of KCNB1 haplotypes with insulin resistanceBlockFrequencyCase, Control Ratio CountsCase, Control Frequencies*χ* ^2^*P*Block 1 TT0.47183.0 : 203.0, 491.9 : 566.10.47, 0.470.090.76 CC0.46179.0 : 207.0, 484.9 : 573.10.46, 0.460.030.86 TC0.0724.0 : 362.0, 79.1 : 978.90.06, 0.080.660.42Block 2 TTC0.48186.8 : 199.2, 512.5 : 545.50.48, 0.4800.99 GTT0.38145.8 : 240.2, 399.6 : 658.40.38, 0.3800.99 TCC0.0826.0 : 360.0, 94.1 : 963.90.07, 0.091.730.20Block 3 ACG0.48182.6 : 203.4, 510.7 : 547.30.47, 0.480.100.75 GCG0.36152.3 : 233.7, 373.1 : 684.90.40, 0.352.150.14 GCA0.0923.7 : 362.3, 99.9 : 958.10.06, 0.093.950.04Block 4 CACA0.52193.7 : 192.3, 550.6 : 503.40.50, 0.520.480.49 AATC0.1869.9 : 316.1, 187.7 : 866.30.18, 0.180.020.90 CACC0.1356.0 : 330.0, 133.1 : 920.90.15, 0.130.890.35 CTTC0.1139.2 : 346.8, 124.8 : 929.20.10, 0.120.810.37

Discussion {#Sec9}
==========

Here, we first report four genetically non-linked KCNB1 tag SNPs (rs237460, rs3331, rs16994565 and rs802950, all r^2^ \< 0.65) to be associated with significant changes in serum TC levels, with two of these (rs237460 and rs802590) further associated or trend to be associated with reduced LDL-C levels. In addition, we also demonstrated that one novel tag SNPs rs926672 was associated with increased serum TG levels, in addition to the previously identified KCNB1 rs1051295 \[[@CR2]\]. We also showed KCNB1 rs926672 associated with insulin resistance by a case--control study, and two tag SNPs (rs2057077and rs4810952) of KCNB1 were associated with the measure of insulin resistance as determined by HOMA-IR in a cross-section study. Together, these results indicate that KCNB1 is likely associated with changes in lipid metabolism and insulin sensitivity.

Although the role of Kv2.1 channel in lipid and fat metabolism has not been assessed, previous reports could provide some clues. Besides the simple diffusion manner, fatty acids, previously thought to be transported across the cell membrane by simple diffusion, is now known to also do so by competitive receptor-mediated transporters including fatty acid translocase (FAT), fatty acid binding protein (FABP) and fatty acid transport protein (FATP) \[[@CR8]--[@CR10]\]. Fatty acid transport protein-1 (FATP1) which transports free fatty acids (FFA) is insulin-sensitive and FATP1 expression in adipocytes is influenced by insulin-mediated transcriptional modulation \[[@CR11]\]. Recent studies have shown that the interaction between the C-terminus of Kv2.1 channel and SNARE protein syntaxin-1A in islet beta cell is required for efficient insulin exocytosis and glucose-stimulated insulin secretion \[[@CR6]\] . In addition, studies have demonstrated that FAT levels would be improved with adipocyte differentiation \[[@CR12], [@CR13]\], while Kv channels Kv2.1 and Kv3.3 were shown to possibly play a role in the differentiation of pre-adipocytes and human mesenchymal stem cells into adipocytes \[[@CR14], [@CR15]\]. These postulated mechanisms may underlie the association between SNPs of Kv2.1 channel and lipid metabolism, and a possible reason for these Kv2.1 SNPs being associated with insulin resistance, whereby dysregulated lipid metabolism is one of the risk factors for insulin resistance \[[@CR16]\].

In addition, there was substantial evidence that internal interactions within some loci in gene might have a large impact on the phenotype we observed. Many studies have shown that neither single SNP loci nor multiple SNP loci have brought us greater effectiveness than haplotype-based research in the analysis of complex diseases \[[@CR17]\]. Haplotype was likely to have more information about linkage disequilibrium, which made it easier to find and locate causative loci in association analysis \[[@CR18], [@CR19]\]. In this study we constructed four haplotypes for the KCNB1 gene and found Block 3 (rs6019852-rs6095516-rs742759) genotype GCA was significantly different distributed between the IR group and the control group (*P* = 0.04). This result indicated that the haplotype composed of three SNPs above is likely to have association with IR by internal interactions. In addition,we also found that KCNB1 rs926672 was not in any haplotype block generated in this study due to weak linkage disequilibrium with other SNPs, which suggests that rs926672 may be an independent genetic marker of insulin resistance.

KCNB1 SNPs have been showed to be associated with some diseases in human, such as rheumatoid arthritis, left ventricular hypertrophy, long QT syndrome and type 2 diabetes in previous studies \[[@CR2], [@CR20]--[@CR22]\]. In this study, we demonstrated that eight of the 22 selected tag SNPs are associated with changes in serum lipids or insulin resistance, which adds new insight to our previous report showing the association of KCNB1 rs1051295 with type 2 diabetes \[[@CR2]\]. Since these SNP are not located in the coding regions of KCNB1, we speculate that it might not influence channel pore kinetics per se, but rather it may influence the post-translational processing of the Kv2.1 channel. Further study should be aimed at elucidating at identifying the potential mechanisms that these SNPs exert their effects on lipid metabolism and insulin sensitivity.

The limitation of this study is the relative small sample size, thus, the association needs to be verified in a study with larger sample size within the Chinese Han population, and in other non-Chinese populations. Also, because the small sample size, we did not do a multiple testing correction for the significance threshold, although it was conservative for an explore study \[[@CR23]\]. In view of lipid metabolism and insulin resistance are central to the etiology of many complex diseases, future research needs to focus on whether these KCNB1 SNPs are associated with these diseases as well.

Conclusion {#Sec10}
==========

This study provides the initial evidence for the association between KCNB1 polymorphisms with lipid metabolism and insulin resistance in Chinese Han population. This initial study indicates that Kv2.1 may play a role in the lipid metabolism and thus influence insulin sensitivity. Further studies are needed to examine the precise mechanism underlying the association of KCNB1 polymorphisms with lipid metabolism and insulin resistance.

Materials and methods {#Sec11}
=====================

This study was approved by the Ethics Committee of Capital Medical University (Beijing, China) and was conducted in accordance with the principles of the Helsinki Declaration II. Written consent was obtained from all participants.

Study participants and data collection {#Sec12}
--------------------------------------

This cross-sectional study involved 733 Chinese Han participants included 315 males and 418 females without overt diabetes. Subjects were consecutively recruited at the Physical Examination Center, Beijing Xuanwu Hospital. Venous blood samples were drawn from all participants after an overnight fast of 8-10 h for DNA preparation and determination of fasting plasma glucose (FPG), fasting insulin (FINS), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C). Height, weight, waist circumference (WC) and hip circumference (HC) of participants were measured according to standard protocols. Body mass index (BMI) was calculated by dividing the weight (in kg) by the height (in m) squared. Waist to hip ratio (WHR) was calculated by dividing the waist circumference by the hip circumference.

Tag SNPs selection and genotyping {#Sec13}
---------------------------------

Genotyping data was obtained from the CHB (Han Chinese in Beijing) panel of the Build 36 of HapMap Project to choose the 22 tag SNPs within the range of the first and last exon (transcribed region) of KCNB1 on the basis of the following principal criteria: r^2^ \> 0.8(100 % coverage) and minor allele frequency (MAF) \> 0.05. Of those tag SNPs, 20 were located in introns, and 2 in the 3'-UTR (rs3331 and rs1051295). Characteristics of the selected tag SNPs, included genomic position, genic position, minor allele frequency, and Hardy-Weinberg equilibrium shown in Table [5](#Tab5){ref-type="table"}.Table 5The information of KCNB1 tag SNPsSNP IDGenomic position (bp)Genic positionAlleles (major/minor)MAFHWE (*P*)rs1048561249468115intronA/G0.100.70rs1699456549404537intronT/C0.060.33rs196119249389770intronC/T0.450.78rs205707749407099intronC/T0.320.97rs612564649410872intronC/T0.500.42rs481095249389638intronC/T0.390.61rs601982549422880intronG/A0.490.08rs601985749469765intronA/T0.100.83rs609551649429848intronC/T0.060.79rs612564249393138intronG/T0.390.58rs1051295493723683′-UTRT/C0.480.59rs65307049470871intronT/C0.280.04rs74275949444608intronA/G0.140.01rs80295049469295intronC/A0.160.29rs92667349413473intronT/G0.400.30rs23745449413854intronT/C0.420.68rs23746049416590intronG/A0.420.67rs92667249380954intronA/T0.410.30rs55206849471461intronA/C0.450.17rs56295449475539intronG/A0.190.74rs57911349459375intronA/G0.260.14rs3331493720643′-UTRT/C0.090.38*MAF* minor allele frequency, *HWE* Hardy-Weinberg equilibrium

DNA was isolated from peripheral white blood cells using DNeasy tissue kit (Qiagen) and samples were diluted to a final concentration of 20-50 ng/ml. Genotyping was assessed using Mass Array (Sequenom, San Diego, CA) based on allele-specific MALDI-TOF mass spectrometry. DNA from samples was randomly assigned to 96 well plates, with genotyping performed in blinded manner.

PCR was performed for a 384-well microtiter plate of reactions in which the same assay was applied to different DNAs. Each PCR procedure was carried out in a total volume of 5 μL. The PCR cocktail contained 1 μL of genomic DNA, 1 μL of each primer, 0.5 μL of 10\*PCR buffer, 0.1 μL deoxy-ribonucleoside triphosphate, 0.4 μL MgCl~2~, 0.2 μL Hotstar and 1.8 μL H~2~O. In the thermal reactor, amplification of the KCNB1 was achieved under the following conditions: denaturation at 94 °C for 4 min followed by 45 amplification cycles of (denaturation at 94 °C for 20 s, annealing at 56 °C for 30 s, extension at 72 °C for 1 min) and a final extension step of 3 min at 72 °C.

The genotyping success rates were \> 98.5%and all tag SNPs are consistent with the Hardy-Weinberg equilibrium (*P* \> 0.05) except for rs653070 and rs742759 for which the *P* value was 0.04 and 0.01, respectively, thus excluded from further analysis. Genotyping of all samples was repeated in 5 % of random samples for verification and quality control; all revealed the genotype data had an error rate of \<1 %. The genetic linkage between tag SNPs ranged from 'none' (D' = 0.00, r^2^ = 0.00) to 'moderate' (D' = 1.00, r^2^ = 0.79, shown in Fig. [1](#Fig1){ref-type="fig"}).

Definitions {#Sec14}
-----------

The value of homeostasis model assessment (HOMA) denoting insulin resistance (IR) was termed as HOMA- IR and was calculated as equal to (fasting insulin \[in IU/mL\]\*fasting glucose \[in mmol/L\]/22.5) \[[@CR24]\]. Subjects having HOMA-IR values in the highest quartile (P~75~) were defined as insulin resistance in our study \[[@CR25]\].

Statistical analyses {#Sec15}
--------------------

Statistical analysis was performed using SPSS software, version 18.0 (SPSS, Inc, Chicago, IL. purchased by Capital Medical University, China). The quantitative variables of metabolic traits were expressed as mean ± SD. The difference of these variables among the 3 genotypes of tag SNPs or between IR and Non-IR groups was assessed by AVONA or independent *t* test, respectively. The *χ*^2^ test was used to examine the differences of SNPs or gender between the IR and Non-IR groups. The association between the tag SNPs and the metabolic traits or insulin resistance was finally determined by multiple linear regression analysis or unconditional logistic regression analysis, in which age and gender were adjusted as confounding factors, and *b* or *OR* and their 95 % confidence interval (CI) were presented.

The Haploview program (<http://www.broad.mit.edu/mpg/haploview/>) was used to select tag SNPs, calculate pairwise linkage disequilibrium statistics and examine allelic and haplotype associations with insulin resistance. The Haploview program was also used to draw the figure of pairwise LD pattern. Hardy-Weinberg equilibrium was determined for each SNP distribution. A value of *P* \< 0.05 was considered as significant.
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